This paper presents an experimental approach to determine the coefficient of thermal expansion of concrete at early age, in which a group of three sealed concrete prisms (75×75×295 mm 3 ) are subjected to 25-30°C temperature cycles in an environmental chamber from set time to an age of at least seven days. The concrete deformation is measured with high-precision displacement sensors and the temperature is measured by thermocouples embedded in the concrete prisms. The coefficient of thermal expansion is determined as a function of time by direct calculation on the measured data.
INTRODUCTION

1.1
Thermal behaviour of concrete at early age Thermal stresses have been a major cause of early-age cracking in concrete structures. The wider use of high-performance concrete (HPC) with high cement content may aggravate this problem if the rise of concrete temperature due the exothermic hydration reaction is not controlled during construction. With the rapid changes in the microstructure of the concrete during cement hydration, thermal expansion of concrete is not directly proportional to temperature changes at early age. This makes it difficult to accurately predict the thermal deformation of concrete at early age -a time at which the risk of concrete cracking is high.
It is well known that the coefficient of thermal expansion (CTE) of mature concrete is mainly influenced by the type of aggregate used in the mix [1] ; however, very limited data can be found on the time-evolution of the CTE during the hardening process of concrete. The general agreement is that the initial value of the coefficient of thermal expansion is relatively high in fresh concrete (above 20×10 -6 /°C), and reduces rapidly to approximately 10×10 -6 /°C during the setting process [1] . High values of CTE in fresh concrete are attributed to the predominance of unbound water in the liquid phase, which has a CTE about seven times that of mature concrete. Later, when the microstructure of concrete has started to form, a solid material behaviour takes place, resulting in a much lower and more stable coefficient of thermal expansion.
During the few days after set time, however, no general agreement exists in the literature on the time-evolution of the concrete CTE. Some researchers have found that its value is relatively independent of age [2] , while others have reported that its value slightly increases with time [3] , or slightly decreases with time [4] . Recent work [5] reported that the value of CTE decreases considerably for the first 10-12 hours after casting, and increases over time until a constant value is reached a few days later. The amount of work reported in the literature on the CTE of very young concrete is rather limited. It is therefore difficult to establish typical values of CTE for young concrete because the solid nature of the material is in transition and the early non-thermal effects of hydration are superimposed on the thermal effects [6] .
1.2
Existing methods for testing thermal expansion of concrete at early age For an inert homogenous solid under a stress-free condition, measuring the coefficient of thermal expansion is rather straightforward, as a temperature difference is imposed on a sample and the resulting deformation is measured. Concrete, however, is an heterogeneous, porous and aging material, which presents difficulties at both the testing and analysis stages. For example, measuring small displacements in fresh or hardening concrete is a challenge. Embedded strain gauges have been used [7] , however, they should be of small size and low rigidity, as it is crucial not to restrain the movement of the concrete being tested. Linear variable displacement transducers (LVDT) are the most widely used type of sensors for this type of test, because they are accurate and reusable [8] . Two main methods for measuring the thermal deformation of concrete at early age have been used in the literature: (i) elimination of autogenous shrinkage by subjecting two concrete samples to two different temperature histories; and (ii) temperature variations imposed on the same concrete sample.
In the first method [7] , it was proposed to use two concrete samples made from the same concrete batch and placed in flexible plastic moulds. One sample was thermally insulated and the other not, and were instrumented with embedded strain gauges and thermocouples. The data analysis consisted of (i) calculating the maturity of the samples by the equivalent time method; (ii) plotting the strain differences between the two samples against their temperature differences; and (iii) determining the CTE from the slope of the curve at given values of maturity. However, it was also reported that this method provided accurate measurements only when the rate of temperature change is sufficiently high, which therefore excludes the beginning of setting, the period of peak temperature and the end of cooling [7] .
In the second method [9] , one concrete sample is subjected to a realistic temperature history, which is superimposed by small temperature cycles. The amplitude of these cycles must be small enough to assume a constant CTE during the cycle, but high enough to obtain acceptable measurement accuracy. The period of these cycles must be short enough to eliminate autogenous shrinkage effects, but long enough to avoid thermal gradients in the concrete sample. In this case, the CTE of concrete can be determined at any given time, and the use of the maturity concept is not required. Although this method seems to be the most promising one for determining the CTE of concrete at early age, no general agreement exists in the literature on the test method to adopt. 
1.3
Scope of study This paper presents an experimental approach to determine the coefficient of thermal expansion of concrete at early age under stress-free and isothermal conditions, with the assumption that thermal deformation is reversible. The main objectives of the paper are: (i) to describe the experimental approach for determining the CTE in high-performance concrete, especially at early age; and (ii) to describe the thermal expansion behaviour of a typical HPC made of ASTM Type 1 cement and limestone coarse aggregate.
The test apparatus and calibration procedure presented in this paper had been initially developed for the study of autogenous shrinkage in high-performance concrete structures [10] , in which it is necessary to account for the thermal effects at early age.
EXPERIMENTAL PROGRAM
Test apparatus
In this test, a group of 3 sealed concrete prisms are tested simultaneously in an environmental chamber from the fresh state to at least 7 days of age under isothermal conditions, with 25-30°C temperature cycles at the rate of 6 temperature steps per day. Fig. 1 presents a diagram and Fig. 2 shows a photograph of the test apparatus used for the test. Each mould was made of cold rolled steel plates with inside dimensions of 75×75×295 mm 3 , which are close to those of standard moulds for free shrinkage testing, according to ASTM C157. Each mould was standing on the web of a structural steel section, on which the displacement transducers were also attached. Short vertical spacers between the steel mould and the structural steel section ensured that all sides of the mould were exposed to the same ambient temperature. A foam rubber pad, placed between the floor of the environmental chamber and the test apparatus, minimized the ambient vibration. Inside the steel mould, the walls were coated with a layer of Vaseline and a thin plastic film to reduce friction between the steel walls and the concrete. The end plates (75×75 mm 2 ) were lined with 1.5-mm thick closed-cell foam rubber sheets to allow movement of the concrete sample in the longitudinal direction, especially during the thermal expansion periods. The longitudinal deformation of the concrete prism was measured using two LVDT located at the ends of the mould. These sensors, fixed to the C-channel base of the test apparatus, were connected to 20-mm diameter metal discs by stainless steel extension shafts. The discs were embedded in the ends of the prism during concrete placement. The shafts were guided by oil-impregnated bronze bearings mounted in small openings in the mould end plates, in order to eliminate transverse displacement of the discs during placement and before setting of concrete.
The concrete temperature was measured by a thermocouple embedded in the concrete at the centre of the prism. The ambient temperature in the environmental chamber was monitored with a second thermocouple.
The above measures, taken in the construction of the test apparatus, were deemed necessary to maximise the accuracy of the readings in order to reduce the error in the determination of the coefficient of thermal expansion, especially at very early age when its value can change rapidly. In such a test, it is important to ensure that: (i) deformations are stress-free; (ii) external drying is prevented; and (iii) temperature is uniform in the sample [8] .
2.2
Calibration of test apparatus In this type of experiment, the temperature effects, other than thermal expansion of concrete, must be eliminated in order to ensure an accurate determination of the concrete CTE. Both the instrumentation and the test apparatus itself are significantly affected by changes in temperature. These undesirable temperature effects can be eliminated by calculation, in principle, from the temperature calibration curves provided by the manufacturer of the sensors, the theoretical CTE of steel and the geometry of the test apparatus. However, it is highly recommended to determine the calibration curve for a given test apparatus by experimental testing in a controlled environment, since the theoretical calculation may be based on some uncertain assumptions, thus reducing the accuracy of the measurements.
International
The three test apparatus built for this experiment were calibrated in an environmental chamber. The calibration procedure consisted of testing the three test apparatus with three metal blocks of known coefficients of thermal expansion. The metals selected were: (i) Kovar, with a CTE of 5.1×10 -6 /°C; (ii) stainless steel 17-4PH, with a CTE of 10.3×10 -6 /°C; and (iii) stainless steel 316, with a CTE of 16.0×10 -6 /°C. This combination of metals was selected for its relatively wide range of CTE values in order to cover the range of CTE values that are normally expected for concretes of all ages made with different types of aggregate. During calibration, the three apparatus with the metal blocks were subjected to regular 20-30°C temperature cycles with an intermediate step at 25°C. The amplitude of these temperature cycles used during the calibration of the test apparatus was selected to be slightly larger than that of the temperature cycles planned for testing the concrete CTE.
2.3
Testing of thermal expansion of high-performance concrete The HPC used in this study was made of ASTM Type 1 cement including silica fume, had a cement-sand-stone mass ratio of 1:2:2, and a water-to-cement ratio of 0.35. The coarse aggregate was limestone with a max. size of 20 mm. The slump, air content, time of setting and 7-day compressive strength were 150 mm, 6.5%, 6 hours and 50 MPa, respectively.
Concrete was placed in three steel moulds and the top surface was sealed with plastic sheet to prevent drying shrinkage. The moulds were then placed in the environmental chamber at an initial ambient temperature of 25°C. Two hours after concrete placement, the isothermal condition was initiated by cycling the temperature in the chamber between 25°C and 30°C using a saw tooth pattern. Each end temperature was maintained constant for 4 hours, including a 15-minute ramp between each temperature step, resulting in three full cycles (or six steps) per day. The constant temperature period was long enough to ensure stable and uniformly distributed temperature in the concrete sample. The amplitude of the temperature cycle (5°C) was selected small enough to maximize the number of cycles per day and obtain more values of CTE at early age. With such small temperature changes, the temperature effect on the development rate of the CTE with time can be considered small. This effect can be easily accounted for by using the maturity method [11] .
3.
TEST RESULTS Figure 3 shows the strains and the temperature measured during the calibration of the three test apparatus using the three metal blocks (only two full cycles are shown for clarity). It can be seen that the Kovar block provided the most significant response to the temperature changes while the stainless steel 316 (SS316) gave the least significant response. This is because the SS316 block and the test apparatus had somewhat similar values of CTE. The strain and temperature calibration data, as shown in Figure 3 , were first used to determine the average CTE obtained for each metal block on the three test apparatus. As shown in Figure 4 , the average calibration curve for the three test apparatus was obtained by plotting the theoretical CTE of the metal samples against their measured CTE obtained in the three test apparatus. The ordinate of the linear regression line shown in Figure  4 provides the average CTE of the three test apparatus (17.6×10 -6 /°C). It can be observed that all measured values of CTE are negative, because the CTE of the test apparatus was higher than the CTE of the metal blocks (i.e. the apparatus responded more rapidly than the metal blocks to a temperature change). With this method, using a test apparatus with a CTE considerably higher than that of concrete is favourable, since a more significant response to small temperature changes will be measured on concrete samples, thus improving the accuracy of the measurements.
Calibration results
3.2
Thermal expansion test results The total strain was calculated from the measured displacement, and then corrected for temperature effects as follows:
where is the temperature-corrected total strain, is the measured total strain in concrete, a corr tot ε meas tot ε α is the coefficient of thermal expansion of the calibrated test apparatus, c T is the actual concrete temperature, and cs T is the concrete temperature at set time. Figure 5 presents the imposed temperature history, the resulting concrete temperature and the corrected total strain (only 3 full cycles are shown for clarity). Note that the sharp strain peaks are only the results of temporary lack of thermal equilibrium between the apparatus and the concrete due to the rapid temperature changes between steps. They should be ignored in the analysis [9] . The concrete temperature and the total concrete strain measured at the end of each constanttemperature period (identified by the circles in Figure 5 ) were used for the calculation of the thermal strain data. Figure 6 shows the selected data representing the total, shrinkage and thermal strains obtained at the end of each temperature step. The concrete shrinkage strain curve (i.e. the non-thermal component of strain) was determined by fitting a moving average curve to the values of total strain. The thermal strain was then calculated by subtracting the shrinkage strain from the total strain at any given time. Finally, the concrete CTE at any given time was calculated as follows: rd value of thermal strain, since the first and second values may be too small to achieve an accurate calculation of the CTE. Figure 7 shows the resulting values of CTE obtained on three samples of high-performance concrete used in this study. As shown, the average CTE reached a minimum value of 8×10 -6 /°C one day after setting, and increased almost linearly up to a value of 10×10 -6 /°C at the age of four days, after which time the CTE value remained constant. This initial variation in the apparent coefficient of thermal expansion at early age may be due to the combined effects of several factors, including cement hydration and self-desiccation [6] . The time-evolution of the CTE shown in Figure 7 is in good agreement with the results obtained by Bjontegaard and Sellevold [5] . It can also be observed from Figure 7 that the method provided precise results, as an average standard deviation of 0.5×10 -6 /°C from the average was found, irrespective of time after the setting of concrete. Before the final set time, this experimental method cannot be applied. In most structural applications, however, in which the stresses are of major concern, the knowledge of the CTE of concrete before set time is not important.
SUMMARY AND CONCLUSIONS
An experimental approach was developed to determine the coefficient of thermal expansion (CTE) of concrete at early age. The size of the concrete samples was large enough to allow testing of concrete containing large aggregate. The test apparatus and the procedures used for calibration and testing were carefully designed in order to provide high-precision determination of CTE. For the high-performance concrete used in this study, the early-age CTE was found to reach a minimum value of 8×10 -6 /°C one day after setting, followed by a linear increase until a stable value of 10×10 -6 /°C was reached at the age of four days. This change in the apparent coefficient of thermal expansion at early age may be due to the combined effects of several factors, including cement hydration and self-desiccation.
